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Description

[0001] The present invention relates to hydrogels
which have a good controlled release behaviour, and to
processes to prepare such hydrogels.
[0002] The fast developments in the field of molecular
biology and biotechnology have made it possible to pro-
duce a large number of pharmaceutically interesting
products in large quantities. For instance, pharmaceu-
tically active peptides and proteins can suitably be used
as drugs in the treatment of life-threatening diseases,
e.g. cancer, and of several types of viral, bacterial and
parasital diseases; in the treatment of e.g. diabetes; in
vaccines, e.g. for prophylactic aims, and for anticoncep-
tion purposes. Especially the specialized biological ac-
tivities of these types of drugs provide tremendous ad-
vantages over other types of pharmaceutics.
[0003] To illustrate the fast developments, it has been
reported (see e.g. Soeterboek and Verheggen, Pharm.
Weekblad 130 (1995) 670-675) that in the United States
of America, about 275 biotechnological products are in
phase IV studies, while more than 500 products are un-
der investigation.
[0004] Examples of (recombinant) proteins, which are
considered very interesting from a pharmacological
point of view, are cytokines, such as interleukines, inter-
ferons, tumor necrosis factor (TNF), insulin, proteins for
use in vaccines, and growth hormones.
[0005] Due to their nature, proteins and proteina-
ceous products, including peptides, which group of
products will be referred to as protein drugs herein-be-
low, cannot be administered orally. These products tend
to degrade rapidly in the gastro-intestinal tract, in par-
ticular because of the acidic environment and the pres-
ence of proteolytic enzymes therein.
[0006] Moreover, to a high extent protein drugs are
not able to pass endothelial and epithelial barriers, due
to their size and, generally, polar character.
[0007] For these reasons, protein drugs have to be
brought in the system parenterally, i.e. by injection. The
pharmacokinetical profile of these products is, however,
such that injection of the product per se requires a fre-
quent administration. For, it is a known fact that protein-
aceous material is eliminated from the blood circulation
within minutes.
[0008] In other words, since protein drugs are chem-
ically and/or physically unstable and generally have a
short half-time in the human or animal body, multiple dai-
ly injections or continuous infusions are required for the
protein drug to have a desired therapeutic effect. It will
be evident that this is inconvenient for patients requiring
these protein drugs. Furthermore, this type of applica-
tion often requires hospitabilization and has logistic
drawbacks.
[0009] In addition, it appears that at least for certain
classes of pharmaceutical proteins, such as cytokines
which are presently used in e.g. cancer treatments, the
therapeutic efficacy is strongly dependent on effective

delivery, e.g. intra- or peritumoral. In such cases, the
protein drugs should be directed to the sites where their
activity is needed during a prolonged period of time.
[0010] Hence, there is a need for delivery systems
which have the capacity for controlled release. In the
art, delivery systems consisting of polymeric networks
in which the proteins are loaded and from which they
are gradually released have been proposed.
[0011] More in detail, at present, two major types of
polymeric delivery systems can be distinguished: biode-
gradable polymers and non-biodegradable hydrogels.
[0012] Biodegradable polymers, e.g. polylactic acid
(PLA) and copolymers of PLA with glycolic acid (PLGA),
are frequently used as delivery systems for proteins.
[0013] Proteins can be incorporated in pharmaceuti-
cal delivery systems, e.g. microspheres, by a variety of
processes. In vitro and in vivo, usually a biphasic release
profile is observed: an initial burst followed by a more
gradual release. The burst is caused by proteinaceous
material present at or near the surface of the micro-
spheres and by proteinaceous material present in
pores. The gradual release is ascribed to a combination
of diffusion of the proteinaceous material through the
matrix and degradation of the matrix. Especially for larg-
er proteins diffusion in these matrices is negligible, so
that the release depends on the degradation of the pol-
ymer. The degradation can be influenced by the (co)pol-
ymer composition. A well-known strategy to increase
the degradation rate of PLA is co-polymerization with
glycolic acid.
[0014] Although delivery systems based on biode-
gradable polymers are interesting, it is very difficult to
control the release of the incorporated protein. This
hampers the applicability of these systems, especially
for proteins with a narrow therapeutic window, such as
cytokines and hormones. Furthermore, organic solvents
have to be used for the encapsulation of the protein in
these polymeric systems. Exposure of proteins to or-
ganic solvents generally leads to denaturation, which
will affect the biological activity of the protein. Further-
more, the very stringent requirements of registration au-
thorities with respect to possible traces of harmful sub-
stances may prohibit the use of such formulations of
therapeutic drugs in human patients.
[0015] Also hydrogels are frequently used as delivery
systems for proteins and peptides. Hydrogels can be ob-
tained by crosslinking a water-soluble polymer yielding
a three-dimensional network which can contain large
amounts of water. Proteins can be loaded into the gel
by adding the protein to the polymer before the
crosslinking reaction is carried out or by soaking a pre-
formed hydrogel in a protein solution. So, no (aggres-
sive) organic solvents have to be used to load the hy-
drogels with protein molecules.
[0016] In contrast with the biodegradable polymers,
the release of proteins from hydrogels can be easily con-
trolled and manipulated by varying the hydrogel charac-
teristics, such as the water content and the crosslink
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density of the gel. However, a major disadvantage of the
currently used hydrogel delivery systems is that they are
not biodegradable. This necessitates surgical removal
of the gel from the patient after the release of the protein
in order to prevent complications of inclusion of the emp-
ty hydrogel material (wound tissue is frequently formed).
[0017] Biodegradable hydrogels have been used in
the preparation of delivery systems for protein drugs.
One of these systems comprises crosslinked dextrans
obtained by coupling glycidyl methacrylate (GMA) to
dextran, followed by radical polymerization of an aque-
ous solution of GMA-derivatized dextran (dex-GMA). In
this respect, reference is made to Van Dijk-Wolthuis et
al. in Macromolecules 28, (1995), 6317-6322 and to De
Smedt et al. in Macromolecules 28, (1995) 5082-5088.
[0018] Proteins can be encapsulated in the hydrogels
by adding proteins to a solution of GMA-derivatized dex-
tran prior to the crosslinking reaction. It appeared that
the release of the proteins out of these hydrogels de-
pends on and can be controlled by the degree of
crosslinking and the water content of the gel (Hennink
et al., J. Contr. Rel. 39, (1996), 47-57).
[0019] Although the described crosslinked dextran
hydrogels were expected to be biodegradable, these hy-
drogels are rather stable under physiological conditions.
This can is further elaborated in Example 5. It is shown
among other that the dissolution time of dextran hydro-
gels obtained by polymerization of dextran derivatized
with glycidyl methacrylate (DS = 4) had a dissolution
time of about 100 days. Dextran hydrogels, wherein the
dextrans have a higher degree of substitution, did not
show any signs of degradation during 70 days, even at
extreme conditions.
[0020] The object of the present invention is to provide
a slow or controlled release delivery system which does
not possess the above-mentioned disadvantages, and
especially does not require the use of organic solvents,
does not show the undesired and uncontrollable burst
effects, and do not possess a poorly controllable release
behaviour. The present invention aims to combine the
advantages of both types of known delivery systems,
viz. a system, (bio)degradable under physiological con-
ditions - either chemically and/or enzymatically -, with
controlled protein drug release.
[0021] The present invention provides safe and easily
controllable delivery systems, based on particular bio-
degradable hydrogels, which increase the applicability
of protein drugs for the treatment of various diseases.
The risks associated with these drugs, such as bursts
in the release profile, and the inconvenience for the pa-
tient are reduced, while the therapeutic efficacy of drug
treatments using the hydrogels of the present invention
is increased.
[0022] More in detail, the present invention relates to
a biodegradable hydrogel comprising bonds which are
hydrolysable under physiological conditions. The hydro-
gels of the present invention contain hydrolytically labile
spacers, which spacers are broken in human or animal

bodies. As roughly indicated herein-above, a hydrogel
is defined as a water-swollen, three-dimensional net-
work of crosslinked hydrophilic macromolecules. More
in detail, the hydrogels of the invention consist of two
interpenetrating networks interconnected to one anoth-
er through hydrolysable spacers. Hydrogels generally
contain from 20 to more than 99 wt.% water.
[0023] Further, the invention relates to a method for
the preparation of a hydrogel, wherein macromolecules,
e.g. polymers, which contain bonds which are hydrolys-
able under physiological conditions, are crosslinked in
an aqueous solution.
[0024] In accordance with the present invention, all
types of biodegradable hydrogels can be used, provided
that hydrolytically labile spacers can be introduced in
these structures. When brought into the system of an
animal or human body, the hydrogel structure is more
or less gradually broken down. The degradation prod-
ucts do not need to be removed after therapy; they can
simply be metabolized and/or excreted by the body.
[0025] Preferably, the hydrogels are based on water
soluble polymers which contain at least a number of side
groups having the capability to form linkers to other pol-
ymers, e.g. dextran or derivatized dextrans, while
starches and starch derivatives, cellulose derivatives
such as hydroxyethyl and hydroxypropyl cellulose, pol-
yvinylpyrrolidone, proteins, polyamino acids, polyviny-
lalcohol, polyacrylates, polymethacrylates, polyethyl-
ene glycols that contain a number of monomer units ca-
pable of forming side chains, and so on, can also be
used, as well as copolymers thereof.
[0026] The hydrogels of the invention are suitably
based on a polymer crosslinked with methacrylate units.
Other crosslinking units are acrylate units, vinyl ethers
and vinyl esters, as well as other units known for this
purpose by the person skilled in the art.
[0027] Generally, the water-swellable polymers used
in the present invention are made hydrolysable by intro-
ducing at least one hydrolytically labile unit in the spac-
ers between the main chains of water soluble polymers
and the second polymer chain formed by the crosslink-
able units as described in the preceding paragraph. It is
also possible to use polymer chains comprising hydro-
lytically labile monomer units in the main chain. Howev-
er, not within the scope of the present invention are hy-
drogels which only contain polymer chains that are in-
terconnected head-to-tail only by hydrolyzable spacer
groups. Contrary to hydrogels according to the inven-
tion, in hydrogels based on swellable polymers which
are only substituted with labile spacers head-to-tail, the
degree of crosslinking is directly correlated to the water
content of the gel. The polymer system the hydrogel of
the invention, makes it possible to control the release of
compund by adjusting the water content and/or the de-
gree of crosslinking independently.
[0028] In a preferred embodiment, the hydrogels of
the present invention comprise as hydrolytically labile
units hydrolysable lactate and/or carbonate ester
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bonds. These bonds can be brought into the hydrogel
by introducing e.g. (poly)glycolic acid and/or (poly)lactic
acid residues between the main chain of the polymer
and the crosslinkable groups of said polymer. With the
term (poly)glycolic acid, glycolic acid as well as di- and
oligomers thereof are meant. With the term (poly)lactic
acid, lactic acid as well as di- and oligomers thereof are
meant. Other possibilities for hydrolytically labile units
are based on units introducing carboxylic esters, ure-
thanes, anhydrides, (hemi)acetals, amides and peptide
bonds.
[0029] In the most preferred embodiment of the
present invention, (poly)glycolic acid and/or (poly)lactic
acid spacers are introduced between polymerizable
methacrylate groups and dextran, When a hydrogel
formed of this material is introduced in a physiological
environment, the hydrogel becomes biodegradable re-
sulting in dextran, polyhydroxyethylmethacrylate (PHE-
MA), lactic acid and/or glycolic acid as degradation
products. These degradation products are all biocom-
patible. It is noted that lactic acid and glycolic acid are
endogenous compounds. Dextran is a non-toxic poly-
mer, which is used for many years as plasma expander
and is cleared by the kidneys depending on its molecular
weight. PHEMA is a well-known biocompatible polymer,
which is probably cleared via the kidneys, as well.
[0030] Hydrogels of the present invention can suitably
be prepared by first synthesizing spacers which contain
at least one crosslinkable group and at least one hydro-
lytically labile group; coupling such spacers to a water-
soluble polymer, and crosslinking the polymers ob-
tained, preferably in the presence of the compound to
be released.
[0031] Preferred spacers within the present invention
comprise a hydroxyethyl methacrylate (HEMA) group,
coupled to one or more lactide and/or glycolide units, as
exemplified in steps a and b of scheme 1. More in detail,
HEMA-terminated polylactic acid pre-polymers can be
synthesized by solution polymerization of lactide in tol-
uene using HEMA as initiator and aluminium alkoxide
as catalyst or by a bulk polymerization of lactide using
HEMA as initiator and stannous octoate as catalyst. De-
pendent on the ratio HEMA/lactic acid pre-polymers
which differ in molecular weight of the lactic acid block
can be synthesized. HEMA terminated copolymers of
glycolic acid and of glycolic acid-co-lactic acid can be
synthesized in analogy. The pre-polymers can be char-
acterized by known techniques, e.g. NMR and IR spec-
troscopy, differential scanning calorimetry (DSC), and
gel permeation chromatography (GPC). In order to cou-
ple the HEMA terminated polylactic and/or glycolic acid
pre-polymers to dextran, the terminal hydroxyl group
has to be activated. Preferably, the binding of HEMA to
dextran is effected by carbonyl-di-imidazole (CDI) as
coupling agent. However, also other activation methods
can be used. For example, reaction of the hydroxyl func-
tion of the HEMA lactic acid pre-polymer with succinic
anhydride, followed by activation of the formed carbox-

ylic group using established methods (e.g. dicyclohex-
ylcarbodiimide (DCC) activation). The latter method
yields dextran derivatives in which only hydrolytically in-
stable ester bonds are present, which provide different
degradation characteristics compared to the dextran de-
rivatives synthesized with the CDI-method, in which
both ester bonds and carbonate bonds are present.
[0032] The activated HEMA terminated polylactic
and/or glycolic acid pre-polymers are subsequently cou-
pled to dextran in a suitable aprotic solvent (such as DM-
SO), in the presence of a catalyst, e.g., N,N-dimethyl-
aminopyridine (DMAP). The degree of substitution (i.e.
number of moles of methacrylate groups containing pre-
polymer per 100 moles glucose units of dextran) can be
tailored by the ratio of HEMA containing prepolymer ver-
sus dextran in the reaction mixture.
[0033] From these substituted polymers, hydrogels
are prepared, e.g., by a radical polymerization of an
aqueous solution of HEMA-pre-polymer functionalized
dextran using a known initiator system of a tertiary
amine and a persulphate (see e.g. the above cited arti-
cles of Van Dijk-Wolthuis et al. in Macromolecules 28,
and Hennink et al. in J. Contr, Rel. 39). It is also possible
to use polymerization by gamma irradiation, with the ad-
vantage that no initiator and/or catalyst residues have
to be extracted from the hydrogel.
[0034] The hydrogel system of the present invention
can easily be tailored with respect to protein drug re-
lease kinetics, which tremendously expand the applica-
bility of protein drugs. Especially, in the case of biologi-
cal response modifiers with a narrow therapeutic win-
dow, which are useful in the treatment of various diseas-
es wherein the immune system is involved, this is very
important.
[0035] An increasing degree of substitution (DS;
amount of hydrolysable spacer containing crosslinkable
branches per 100 main water-soluble polymer residues;
determinable by 1H-NMR) yields a more crosslinked
network. This results in a slower swelling rate and an
increasing dissolution time of the gel.
[0036] The hydrogels of the present invention can be
prepared in such a way that dissolution times from less
than 1 day upto about 3 months and longer can be ob-
tained. This can for instance be effected by varying the
initial water content in the aqueous polymer solution to
be crosslinked and the DS. Gels with a high initial water
content, such as water contents higher than 85 wt.%
predominantly contain intramolecular crosslinks, while
lower initial water contents give more intermolecular
crosslinking. Gels with less intermolecular crosslinks
dissolve faster at the same DS.
[0037] Drugs can be loaded into hydrogels either by
equilibration in a drug-containing solution (see e.g. Kim
et al. in Pharm. Res. 9(3) (1992) 283-290) or by incor-
poration of the drug during the preparation of hydrogel
(see e.g. Heller et al. in Biomaterials 4, (1983) 262-266).
[0038] Loading by equilibration, however, normally
leads to a rather low drug content in the delivery system.

5 6



EP 0 910 412 B1

5

5

10

15

20

25

30

35

40

45

50

55

This is especially the case, when the drug is a macro-
molecular compound. Unless the pore size of the hydro-
gel is rather large, the macromolecules will only adhere
to the outer surface, which may lead to a burst release.
[0039] Therefore, preferably, the drug is loaded dur-
ing polymerization or crosslinking.
[0040] Since microsphere suspensions are easy to
prepare and are easily used for injection, the hydrogels
generally will be applied as microspheres of varying siz-
es. Microspheres can be prepared by dissolving HEMA-
derivatized dextran in water after which this solution is
added to an oil phase (e.g. silicone oil) yielding a water-
in-oil emulsion. After addition of a suitable initiator sys-
tem, the methacrylate groups polymerize yielding stable
micropheres.
[0041] The drugs are released from the biodegrada-
ble hydrogels of the present invention during hydrolysis
of the hydrogel, although at least to some extent diffu-
sion of proteins from the hydrogel takes place. In fact,
the hydrolysis behaviour of the hydrogel and the time
during which compounds present in the hydrogel sys-
tem are released can be adjusted to one another so that
the release can take place at any level between first or-
der (no degradation of the hydrogel) and zero order re-
lease (fully degradation controlled) (see in this respect
Example 6, herein-below). This provides evident advan-
tage over hydrogel systems that are not hydrolysable at
physiological conditions, but which are rather stable,
such as the known dextran-GMA hydrogel system, or
over systems wherein the polymers in the hydrogel are
elongated in one dimension only.
[0042] Protein drugs are released from the rather sta-
ble hydrogels following first order kinetics - protein re-
lease proportional to the square root of time - which is
common for monolithic delivery systems. The hydrogels
of the present invention, however, show a more zero or-
der release behaviour - protein release proportional to
time. When the hydrogel degrades during the release
process, the diffusion coefficient of the protein drug,
present in the hydrogel, increases. This leads to a more
constant release in time.
[0043] The hydrogel system of the present invention
offers - as said - the possibility to tailor the release pro-
files of encapsulated protein drugs. More in detail, the
degradation rate of the hydrogel can be adjusted by var-
ying the water content of the hydrogel, the degree of
substitution, the number and length of hydrolysable
groups in the spacers, and the choice of hydrolysable
spacers.
[0044] It has been found that spacers based on gly-
colic acid have a higher hydrolytical sensitivity than
spacers based on lactic acid. If glycolic acid based spac-
ers are present an accelerated degradation rate of the
hydrogel is observed as compared with lactic acid based
spacers.
[0045] The effect of the water content of the hydrogel
and the degree of substitution of the hydrogel polymers
is elaborated in the examples following below.

[0046] Further, the rate of release depends on the size
of the hydrogel particles. This size can be adjusted by
varying the stirring speed, viscosity of the external
phase etc. during the preparation of microspheres.
[0047] The rate of release does not depend on the
length of the water soluble polymers, at least not to a
high extent. This is contrary to hydrogel systems where-
in the hydrolysable groups are present in the main
chains of the polymer only (one dimensionally elongated
polymers).
[0048] As indicated herein-above, the releasable
compound can be a protein drug. However, it is also pos-
sible to encapsulate pharmacon containing nanoparti-
cles, e.g. liposomes, iscoms, polylactic acid particles,
polycaprolacton particles and gene delivery systems
known to the person skilled in the art. The encapsulation
of these nanoparticles has the advantage of preventing
the occurence of a too fast release of the encapsulated
compound, or, said in other words, burst-effects can be
avoided in a more secure way.
[0049] An example of a loaded hydrogel system within
the present invention is a hydrogel containing the cy-
tokine interleukin-2 (IL-2). IL-2 is a protein drug which
can e.g. be used in the treatment of particular types of
cancer.
[0050] For IL-2 to be therapeutically effective in can-
cer treatment, prolonged presence of IL-2 at the site of
tumor growth is required. This can be achieved either
by administering high doses of IL-2 intravenously
through frequent bolus injections (see e.g. Rosenberg
et al. JAMA 271, (1994) 907-913), by prolonged contin-
uous infusion (see e.g. West et al., N. Engl. J. Med. 316,
(1987), 898-905, or by frequently administering low dos-
es of IL-2 intra- or peri-tumorally (see e.g. Den Otter et
al., Anticancer Res. 13, (1993), 2453-2455).
[0051] A major disadvantage of the intravenous route
is that for obtaining sufficiently high levels of IL-2 at the
site of tumor growth, such high doses of IL-2 have to be
administered intravenously, that it becomes severely
toxic. In contrast, the intra- or peri-tumoral approach, as
developed by Den Otter et al., has proven to be very
successful and virtually non-toxic in various transplant-
ed and spontaneous tumors.
[0052] A serious problem for application of this form
of therapy in human cancer patients, however, is that IL-
2 has to be injected intra- or peri-tumorally 5 to 10 times
within 1 to 2 weeks. For many types of cancer this is not-
acceptable burden for the patient, like in cases of lung
carcinoma, bladder cancer, and gastric cancer. In first
attempts to translate the very effective local, low-dose
IL-2 treatment to the human cancer clinic, these logistic
problems of IL-2 delivery were already run into. The
slow-release delivery system of the present invention
makes the use of local IL-2 immunotherapies possible.
[0053] For the in vivo application hydrogel suspen-
sions (microspheres) will normally contain up to 105 I.
U. of IL-2 in 0.5 ml, which are released over a period of
5 days (i.e. 2x104 I.U. of IL-2 released per day). The
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amount of protein released can be determined with sen-
sitive quantitative detection methods (HPLC, ELISA as-
says). To investigate whether the released IL-2 is still
biologically active and to what extent (i.e. what is the
effect of these chemical procedures on the specific ac-
tivity of IL-2), proliferation assays using the IL-2 depend-
ent CTLL cell line can be performed.
[0054] The present invention will now be explained in
more detail, while referring to the following, non-limiting
examples.

Examples

[0055] To obtain a dextran hydrogel, first a polymer-
izable methacrylate group was introduced in dextran.
For all reactions described below, dextran from Fluka
(T40, Mn = 15.000, Mw = 32.500 g/mol) was used. Four
different dextran derivatives were synthesized (Exam-
ples 1-4) in which the methacrylate ester was coupled
via a spacer to dextran. The spacer contains different
hydrolyzable bonds (carbonate and/or carboxylic ester).
The degradation behaviour of gels prepared from these
derivatives was compared with dextran gels derived
from glycidylmethacrylate (dex-GMA). In this reference
compound, the methacrylate ester is directly coupled to
a hydroxyl group of dextran. This reference gel de-
grades extremely slowly.

Example 1: Synthesis of dex-HEMA

[0056] Dextran derivatized with hydroxyethyl meth-
acrylate (dex-HEMA) was synthesized by coupling car-
bonyldiimidazole (CDI) activated HEMA (HEMA-CI) to
dextran.
[0057] CDI (1.62 g; 10 mmol) was dissolved in about
10 ml anhydrous tetrahydrofuran (THF). This solution
was added to a solution of HEMA (1.30 g; 10 mmol) in
5 ml anhydrous THF. The reaction mixture was stirred
for 16 hours at room temperature. After evaporation of
the solvent a slightly yellow liquid was obtained (yield
2.93 g). The crude product was dissolved in ethylace-
tate, extracted with water to remove imidazole and un-
reacted HEMA and dried on anhydrous MgSO4. After
filtration, the solvent was evaporated and almost pure
hydroxyethyl methacrylate activated with CDI (HE-
MA-CI) was obtained. The structure of this product was
confirmed by NMR and IR spectroscopy.
[0058] Varying amounts of HEMA-CI (0.73, 1.49, or
2.19 g; 96% pure) were added to a solution of dextran
(10 g, 62 mmole glucose units) and N,N-dimethylami-
nopyridine (DMAP; 2 g, 16.4 mmol) in anhydrous
dimethylsulfoxide (DMSO; 90 ml). These reaction mix-
tures were stirred for 4 days at room temperature after
which the reaction was terminated by the addition of
about 2 ml of concentrated HCl. The reaction mixture
was dialyzed against water for 3 days at 4°C. Dex-HE-
MA was isolated by lyophilization yielding a white fluffy
material (yield >90%). The degree of HEMA substitution

was determined by NMR spectroscopy, and amounted
4, 9, and 13, respectively.

Example 2: Synthesis of dex-SA-HEMA

[0059] Dextran derivatized with the hemi-ester of suc-
cinic acid (SA) and HEMA (dex-SA-HEMA) was synthe-
sized as follows.
[0060] SA (2.00 g, 20 mmol), HEMA (2,6 g, 20 mmol),
triethylamine (TEA; 0.28 ml, 2 mmol) and hydrochinon
(inhibitor, ±10 mg) were dissolved in about 30 ml anhy-
drous THF. The reaction mixture was stirred for 2 days
at 45°C, after which the solvent was evaporated. A yel-
low liquid was obtained (yield 4.88 g). The structure of
HEMA-SA was confirmed by NMR and IR spectroscopy.
[0061] HEMA-SA (0.99 g (94% pure), 4 mmol) and di-
cyclohexylcarbodiimide (DCC; 0.83 g, 4 mmol) were dis-
solved in about 20 ml anhydrous DMSO. After 15 min-
utes a precipitate was formed (dicyclohexylureum;
DCU) and this mixture was added to a solution of dex-
tran (2.57 g, 16 mmol glucose units) and TEA (0.56 ml,
4 mmol) in anhydrous DMSO (20 ml). The resulting mix-
ture was stirred for 3 days at room temperature, after
which 3 drops of concentrated HCl were added to ter-
minate the reaction. Next, the reaction mixture was fil-
tered to remove DCU and dialyzed for 3 days at 4°C.
After lyophilization, a white fluffy product was obtained
(yield 2.78 g). The degree of substitution was estab-
lished by NMR spectroscopy and amounted to 3.

Example 3: Synthesis of dex-la date-HEMA

[0062] Dextran derivatized with HEMA-oligolactide
was synthesized as follows as illustrated in scheme 1.
Three steps can be distinguished.

a. coupling of lactate to HEMA yielding HEMA-lac-
tate;
b. activation of HEMA-lactate using CDI yielding
HEMA-lactate-CI
c. coupling of HEMA-lactate-CI to dextran.

[0063] A mixture of L-lactide (4.32 g; 30 mmol) and
HEMA (3.90 g; 30 mmol) was heated to 110°C. There-
after, a catalytic amount of stannous octoate (SnOct2;
121.5 mg, 0.3 mmol) dissolved in about 0.5 ml toluene
was added. The resulting mixture was stirred for 1 hour.
After cooling down to room temperature, the mixture
was dissolved in THF (20 ml). This solution was dropped
in water (180 ml) and the formed precipitate was isolated
by centrifugation. The pellet was taken up in ethyl ace-
tate (40 ml), centrifugated to remove solid material,
dried (MgSO4) and filtered. The solvent was evaporated
yielding a viscous oil (3.74 g, 45%). The product (HEMA-
lactate) was characterized by NMR and IR spectrosco-
py.
[0064] HEMA-lactate (3.74 g, 10.8 mmol) was added
to a solution of CDI (1.76 g, 10.8 mmol) in THF and
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stirred for 16 hours at room temperature. The solvent
was evaporated under reduced pressure yielding a vis-
cous oil. The product containing HEMA-lactate-CI and
imidazole as major compounds (NMR analysis) was
used without further purification.
[0065] To a solution of dextran (10 g, 62 mmol glucose
units) and DMAP (2.0 g, 10.6 mmol) a varying amount
of HEMA-lactate-CI was added (1.61, 3.23 or 4.84 g re-
spectively, 80% pure). These mixtures were stirred for
4 days at room temperature after which the reaction was
terminated by the addition of about 2 ml of concentrated
HCl. The solutions were dialyzed against water for 2
days. After lyophilization, white fluffy products were ob-
tained (yield around 85%). The degree of substitution
(as determined by NMR spectroscopy) amounted to 3,
6 and 10 for the three products, respectively.
[0066] Using similar procedures, the length of the lac-
tate spacer can be varied by changing the molar ratio of
HEMA and lactide in the first reaction.

Example 4: Synthesis of dex-glycolide-HEMA

[0067] Dex-glycolide-HEMA was synthesized accord-
ing to the same procedure as described in Example 3
replacing lactide by glycolide.

Reference Example 1: Dex-GMA

[0068] Dex-GMA was synthesized as described by
Van Dijk-Wolthuis et al., Macromolecules 28, (1995),
6317-6322. An reinvestigation of the obtained dextran
derivative revealed that the methacrylic ester group is
directly coupled to one of the hydroxylic group of dex-
tran, meaning that the glyceryl spacer is not present.

Example 5: Preparation of dextran hydrogels

[0069] Hydrogels were obtained by a free radical po-
lymerization of aqueous solutions of methacrylated dex-
tran (prepared according to Examples 1-4 and Ref. Ex-
ample 1). Methacrylated dextran (100 mg) was dis-
solved in 760 µl PBS buffer (10 mM phosphate, 0.9%
NaCl, 0.02% NaN3, pH 7.2). To this solution 90 µl of po-
tassium peroxydisulfate (KPS; 50 mg/ml) in the same
buffer was added per gram solution and mixed well.
Subsequently, N,N,N'N'-tetramethylethylenediamine
(TEMED; 50 µl; 20% (v/v) in water, pH adjusted to 7)
was added and the resulting solution was quickly trans-
ferred into an Eppendorf tube and polymerized for 1
hour at room temperature yielding a hydrogel material
with an initial water content of about 90% (w/w) after
polymerization.
[0070] The gels were removed from the tubes, accu-
rately weighed and incubated in PBS at 37°C. Periodi-
cally, the weight of the gels was determined and used
to calculate the degree of swelling (= Wt/Wo, in which
Wt is the weight of the gel at time t and Wo is the initial
weight of the gel). The hydrogel degradation (dissolu-

tion) time is defined as the time at which the swelling
ratio = 0 (or Wt = 0).
[0071] Figure 1 shows the swelling behaviour of three
different dextran hydrogels (initial water content 90%).
The dex-GMA (DS = 4) reached an equilibrium swelling
within 3 days; thereafter the weight of the gels remained
constant indicating that no significant hydrolysis of
methacrylate esters occurred. Dex-HEMA and dex-lac-
tate-HEMA showed a progressive swelling in time until
these gels dissolved completely. This demonstrates that
in these hydrogel systems hydrolysis of carbonate es-
ters (dex-(lactate)HEMA) and/or lactate esters (dex-lac-
tateHEMA) occurred.
[0072] Figure 2 shows the swelling behaviour of dex-
lactateHEMA hydrogels (initial water content 92%) and
varying degree of substitution. As can be seen an in-
creasing DS resulted in an increasing dissolution time.
[0073] Figure 3 shows the swelling behaviour of dex-
lactateHEMA hydrogels with a fixed DS (6) and varying
initial water content. It appears that the dissolution time
increases with an increasing initial water content.
[0074] Figure 4 shows the swelling behaviour of
dex-SAHEMA hydrogel (DS 3) and a varying initial water
content.
[0075] The next tables give an overview of the disso-
lution times of different dextran hydrogels

[0076] The dissolution time of dextran hydrogels (ini-
tial water content 92%) obtained by polymerization of
dextran derivatized with GMA (DS 4) had a dissolution
time of about 100 days (pH 7.2, 37°C). Gels obtained
by polymerization of dextran derivatized with GMA (ini-
tial water content 80%, DS 11) did not show any signs

dissolution time (days) of dex-lactate-HEMA gels

initial water content DS 10 DS 6 DS 2.5

90% 8-13 4 1-2
80% 16 7-18 3-9
70% 22 10-19 6-10

dissolution time (days) of dex-HEMA gels

initial water content DS 8 DS 17 DS 20

92% 25 42 55
80% 53 100 ND
67% 70 >100 ND

dissolution time (days) of dex-HEMA-SA gels

initial water content DS 3

80% 15
74% 23-28
60% 44

11 12



EP 0 910 412 B1

8

5

10

15

20

25

30

35

40

45

50

55

of degradation (increased swelling) during 70 days,
even at extreme conditions (37°C, pH 12 and pH 1).

Example 6: Protein release from degrading dextran
hydrogels

[0077] The release from non-degrading dex-GMA hy-
drogels has been studied extensively. It appeared that
when the protein diameter was smaller than the hydro-
gel mesh size, the release of the protein could be effec-
tively described by the free volume theory. In this case
the cumulative amount of protein released was propor-
tional to the square root of time (W.E. Hennink, Control-
led release of proteins from dextran hydrogels, Journal
of Controlled Release 39, (1996), 47-55).
[0078] Figure 5 shows the release of a model protein
(IgG) from degrading dextran hydrogels (dex-lac-
tate-HEMA, DS 2.5). The release of IgG from these de-
grading gels is zero order (cumulative release propor-
tional to time). This is in contrast with the release of pro-
teins from non-degrading dextran hydrogels, where a
first order release has been observed.

Claims

1. A drug release system on the basis of a biodegrad-
able hydrogel comprising a network of polymer
chains, wherein said polymer chains are intercon-
nected to one another through spacers, wherein the
spacers comprise a crosslinking unit, and at least
one bond which is hydrolysable under physiological
conditions, wherein said at least one bond which is
hydrolysable under physiological conditions is se-
lected from the group consisting of one or more lac-
tate units, one or more glycolate units, one or more
carbonate units, one or more succinate units, one
or more carboxylic acid ester units, urethane bonds,
anhydride bonds, (hemi)acetal bonds, amide
bonds, peptide bonds and mixtures of said units and
bonds; and a drug, wherein the drug is released up-
on degradation of the hydrolytically labile spacers.

2. The drug release system of claim 1, wherein said
at least one bond which is hydrolysable under phys-
iological conditions is selected from the group con-
sisting of one or more lactide units, one or more gly-
colide units and mixtures of lactide and glycolide
units.

3. The drug release system of claim 1 or claim 2,
wherein the polymer chains are based on dextran
or a derivatized dextran.

4. The drug release system of any one of the preced-
ing claims, wherein the crosslinking unit is a meth-
acrylate unit.

5. A method for preparing a hydrogel, comprising a
network of polymer chains, wherein said polymer
chains are interconnected to one another through
spacers formed by crosslinked units, wherein the
spacers contain, between a polymer chain and the
crosslinked unit, bonds which are hydrolysable un-
der physiological conditions, which method com-
prises crosslinking at least two crosslinkable units
in an aqueous medium.

6. The method of claim 5, wherein the polymer chains
are based on dextran or a derivatized dextran.

7. The method of claim 5 or 6, wherein said bonds
which are hydrolysable under physiological condi-
tions are selected from the group consisting of one
or more lactate units, one or more glycolate units,
one or more carbonate units, one or more succinate
units, one or more carboxylic acid ester units, ure-
thane bonds, anhydride bonds, (hemi)acetal bonds,
amide bonds, peptide bonds and mixtures of said
units and bonds.

8. The method of any one of claims 5-7, wherein a
drug is present during the crosslinking step.

Patentansprüche

1. Arzneimittelabgabesystem auf Basis eines biolo-
gisch abbaubaren Hydrogels, umfassend ein Netz-
werk aus Polymerketten, worin die Polymerketten
miteinander durch Spacer verbunden sind und die
Spacer eine Vernetzungseinheit und wenigstens ei-
ne unter physiologischen Bedingungen hydrolysier-
bare Bindung umfassen, wobei die wenigstens eine
unter physiologischen Bedingungen hydrolysierba-
re Bindung aus der Gruppe aus ein oder mehreren
Lactateinheiten, ein oder mehreren Glycolateinhei-
ten, ein oder mehreren Carbonateinheiten, ein oder
mehreren Succinateinheiten, ein oder mehreren
Carbonsäureestereinheiten, Urethanbindungen,
Anhydridbindungen, (Halb)acetalbindungen, Amid-
bindungen, Peptidbindungen und Gemischen aus
diesen Einheiten und Bindungen ausgewählt ist,
und einen Wirkstoff, wobei der Wirkstoff beim Ab-
bau der hydrolytisch labilen Spacer freigesetzt wird.

2. Arzneimittelabgabesystem nach Anspruch 1, worin
die wenigstens eine unter physiologischen Bedin-
gungen hydrolysierbare Bindung aus der Gruppe
aus ein oder mehreren Lactideinheiten, ein oder
mehreren Glycolideinheiten sowie Gemischen aus
Lactid- und Glycolideinheiten ausgewählt ist.

3. Arzneimittelabgabesystem nach Anspruch 1 oder
2, worin die Polymerketten auf Dextran oder einem
derivatisiertem Dextran basieren.
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4. Arzneimittelabgabesystem nach einem der vorhe-
rigen Ansprüche, wobei die Vemetzungseinheit ei-
ne Methacrylateinheit ist.

5. Verfahren zur Herstellung eines Hydrogels, umfas-
send ein Netzwerk aus Polymerketten, wobei die
Polymerketten miteinander durch Spacer verbun-
den sind, die aus vernetzten Einheiten bestehen-
den, wobei die Spacer zwischen den Polymerketten
und der vernetzten Einheit Bindungen aufweisen,
welche unter physiologischen Bedingungen hydro-
lysierbar sind, und man bei dem Verfahren wenig-
stens zwei vernetzbare Einheiten in einem wässri-
gen Medium vernetzt.

6. Verfahren nach Anspruch 5, worin die Polymerket-
ten auf Dextran oder einem derivatisiertem Dextran
basieren.

7. Verfahren nach Anspruch 5 oder 6, worin die unter
physiologischen Bedingungen hydrolysierbaren
Bindungen aus der Gruppe aus ein oder mehreren
Lactateinheiten, ein oder mehreren Glycolateinhei-
ten, ein oder mehreren Carbonateinheiten, ein oder
mehreren Succinateinheiten, ein oder mehreren
Carbonsäureestereinheiten, Urethanbindungen,
Anhydridbindungen, (Halb)acetalbindungen, Amid-
bindungen, Peptidbindungen und Gemischen aus
diesen Einheiten und Bindungen ausgewählt sind.

8. Verfahren nach einem der Ansprüche 5 bis 7, worin
ein Wirkstoff während des Vemetzungsschritts an-
wesend ist.

Revendications

1. Un système de libération de médicament sur la ba-
se d'un hydrogel biodégradable comportant un ré-
seau de chaînes polymères, dans lequel lesdites
chaînes polymères sont interconnectées les unes
aux autres par des espaceurs, dans lequel les es-
paceurs comportent un motif réticulant, et au moins
une liaison qui est hydrolysable sous des conditions
physiologiques, dans lequel ladite au moins une
liaison qui est hydrolysable sous des conditions
physiologiques est choisie dans le groupe constitué
d'un ou plusieurs motifs lactates, un ou plusieurs
motifs glycolates, un ou plusieurs motifs carbona-
tes, un ou plusieurs motifs succinates, un ou plu-
sieurs motifs esters d'acide carboxylique, des
liaisons uréthane, des liaisons anhydrides, des
liaisons (hémi)acétales, des liaisons amides, des
liaisons peptides et des mélanges desdits motifs et
liaisons ; et un médicament, dans lequel le médica-
ment est libéré après dégradation des espaceurs
hydrolytiquement labiles.

2. Le système de libération de médicament de la re-
vendication 1, dans lequel ladite au moins une
liaison qui est hydrolysable sous des conditions
physiologiques est choisi dans le groupe constitué
d'un ou plusieurs motifs lactides, d'un ou plusieurs
motifs glycolides et d'un mélange de motifs lactide
et glycolide.

3. Le système de libération de médicament de la re-
vendication 1 ou de la revendication 2, dans lequel
les chaînes polymères sont basées sur un dextrane
ou un dextrane dérivé.

4. Le système de libération de médicament de l'une
quelconque des revendications précédentes, dans
lequel le motif réticulant est un motif méthacrylate.

5. Un procédé pour préparer un hydrogel, comportant
un réseau de chaînes polymères, dans lequel les-
dites chaînes polymères sont interconnectées les
unes aux autres par l'intermédiaire d'espaceurs for-
més par des motifs réticulés, dans lesquels les es-
paceurs contiennent, entre une chaîne polymère et
le motif réticulé, des liaisons qui sont hydrolysables
sous des conditions physiologiques, ce procédé
comportant la réticulation d'au moins deux motifs
réticulables dans un milieu aqueux.

6. Le procédé de la revendication 5, dans lequel les
chaînes polymères sont à base de dextrane ou d'un
dextrane dérivé.

7. Le procédé de la revendication 5 ou 6, dans lequel
les liaisons qui sont hydrolysables sous des condi-
tions physiologiques sont choisis dans le groupe
constitué d'un ou plusieurs motifs lactates, d'un ou
plusieurs motifs glycolates, d'un ou plusieurs motifs
carbonates, d'un ou plusieurs motifs succinates,
d'un ou plusieurs motifs esters d'acide carboxyli-
que, de liaisons uréthanes, de liaisons anhydrides,
de liaisons (hémi)acétales, de liaisons amides, de
liaisons peptides et de mélanges desdits motifs et
liaisons.

8. Le procédé de l'une quelconque des revendications
5-7, dans lequel un médicament est présent pen-
dant l'étape de réticulation.
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